Saksena S, Dwivedi A, Gill RK, Singla A, Alrefai WA, Malakooti J, Ramaswamy K, Dudeja PK. PKC-dependent stimulation of the human MCT1 promoter involves transcription factor AP2. Am J Physiol Gastrointest Liver Physiol 296: G275-G283, 2009. First published November 25, 2008 doi:10.1152/ajpgi.90503.2008.-Monocarboxylate transporter (MCT1) plays an important role in the absorption of short-chain fatty acids (SCFA) such as butyrate in the human colon. Previous studies from our laboratory have demonstrated that phorbol ester, PMA (1 M, 24 h), upregulates butyrate transport and MCT1 protein expression in human intestinal Caco-2 cells. However, the molecular mechanisms involved in the transcriptional regulation of MCT1 gene expression by PMA in the intestine are not known. In the present study, we showed that PMA (0.1 M, 24 h) increased the MCT1 promoter activity (Ϫ871/ϩ91) by approximately fourfold. A corresponding increase in MCT1 mRNA abundance in response to PMA was also observed. PMA-induced stimulation of MCT1 promoter activity was observed as early as 1 h and persisted until 24 h, suggesting that the effects of PMA are attributable to initial PKC activation. Kinase inhibitor and phosphorylation studies indicated that these effects may be mediated through activation of the atypical PKC-isoform. 5Ј-deletion studies demonstrated that the MCT1 core promoter region (Ϫ229/ϩ91) is the PMA-responsive region. Site-directed mutagenesis studies showed the predominant involvement of potential activator protein 2 (AP2) binding site in the activation of MCT1 promoter activity by PMA. In addition, overexpression of AP2 in Caco-2 cells significantly increased MCT1 promoter activity in a dose-dependent manner. These findings showing the regulation of MCT1 promoter by PKC and AP2 are of significant importance for an understanding of the molecular regulation of SCFA absorption in the human intestine.
short-chain fatty acid absorption; transcriptional regulation; human intestine; protein kinase C-; activator protein 2 MONOCARBOXYLATE TRANSPORTER 1 (MCT1) is a member of the solute carrier family1 of MCTs known to mediate the transport of monocarboxylates such as lactate and pyruvate (21, 46 ) and a wide range of short-chain fatty acids (SCFAs), e.g., acetate, propionate, and butyrate, across the plasma membrane of a variety of cell types (17, 22, 32) . In humans, at least 14 MCT isoforms have been identified, but only MCT1-MCT4 have been structurally and functionally well characterized (21) . Evidence suggests that SCFAs, particularly butyrate, serve as the principal metabolic fuel for colonic epithelial cells and exert a variety of effects fundamental to the health of normal colonic mucosa (47) . For example, butyrate plays an essential role in suppressing mucosal inflammation (26, 34) and exhibits antitumorigenic effects such as induction of cell cycle arrest, differentiation, and apoptosis (20, 23, 40, 57) . Butyrate is also known to stimulate colonic electroneutral NaCl absorption and to inhibit Cl Ϫ secretion (2, 45) . Although much is known with respect to the functional aspects of MCT1, very little is known regarding the mechanisms controlling MCT1 gene expression. In this regard, we and others have recently reported the cloning of the promoter region of the human MCT1 gene (11, 18, 19) . The cloned fragment of MCT1 promoter (Ϫ871/ϩ91) was found to be highly active in Caco-2 cells (18) and colonic AA/C1 cells (10) . The promoter has been shown to lack the TATA and CCAAT boxes and to have a long GC-rich area at its 3Ј end. Moreover, the core promoter region (Ϫ229/ϩ91) harbors a number of potential binding sites for various transcription factors such as activator protein 2 (AP2), SP1, and upstream stimulatory factor (USF). Previous studies on MCT1 gene regulation have demonstrated butyrate-induced upregulation of MCT1 expression and function in colonic AA/C1 cells, indicating involvement of both transcriptional and posttranscriptional mechanisms (10) . Recent studies have shown also the role of insulin-like growth factor receptor type I in the stimulation of MCT1 protein expression in hepatocarcinoma cells (29) and the upregulation of MCT1 and MCT4 mRNA by testosterone in rat skeletal muscle (15) . MCT4, but not MCT1, promoter activity has been shown to be upregulated by hypoxia through a hypoxia-inducible factor-1␣-dependent mechanism (54) . To date, however, there is no information available on the transcriptional regulation of MCT1 by protein kinases.
We previously showed that the well-known PKC agonist PMA (phorbol ester, 24 h) significantly increased apical butyrate uptake and MCT1 protein expression in Caco-2 cells (1). However, the detailed effects of PMA on MCT1 transcriptional regulation were not examined. Therefore, to elucidate the mechanisms involved in the transcriptional regulation of the human MCT1 gene by PMA and the potential role of PKC, studies were designed to investigate in detail the potential cis element(s), transcription factors, and signaling mechanism(s) involved in the PKC-induced regulation of MCT1 promoter. Our studies demonstrated that PMA enhanced MCT1 promoter activity in Caco-2 cells via the activation of transcription factor AP2. Furthermore, pharmacological inhibitor studies indicated that PKC-might be involved in mediating the stimulatory effects of PMA on MCT1 promoter activity. These findings are important in providing significant insights into the mechanisms involved in the regulation of MCT1 gene expression in the human colon.
MATERIALS AND METHODS
Materials. PMA and 4␣-PMA (inactive analog) were obtained from Biomol (Plymouth Meeting, PA), and bisindolylmaleimide I (BIM) was obtained from Calbiochem (San Diego, CA). All restriction endonucleases and other modifying enzymes were procured from New England BioLabs (Beverly, MA), Invitrogen (Gaithersburg, MD), or Promega (Madison, WI). Luciferase assay system was procured from Promega. ␤-Galactosidase assay kit was obtained from BD Biosciences Clontech (Palo Alto, CA).
RNA extraction and real-time PCR analysis. Total RNA was prepared from Caco-2 cells treated with 100 nM 4␣-PMA or PMA for 24 h using Absolutely RNA RT-PCR Miniprep Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. Equal amounts of RNA from both treated and control samples were reverse transcribed and amplified in a one-step reaction using Brilliant SYBR Green QRT-PCR Master Mix kit (Stratagene). Real-time PCR was performed using Mxp3000 (Stratagene). MCT1 was amplified with gene-specific primers (sense primer, 5Ј-TCTGTGTCTATGCGG-GATTCTT-3Ј; antisense primer, 5Ј-TTGAGCCGACCTAAAAGT-GGT-3Ј). Histone was amplified as an internal control using genespecific primers (sense primer, 5Ј-ACCGACCTTCGTTTCCAGAG-3Ј; antisense primer, 5Ј-CTTGGCGTGAATAGCACAGA-3Ј). Because the amplification efficiencies for both MCT1 and histone were shown to be approximately equal, the quantitation was expressed as a ratio, 2 ⌬CtϪMCT1 /2 ⌬CtϪhistone , where ⌬CtϪMCT1 and ⌬CtϪhistone represent the differences between the threshold cycles (Ct) of amplification of treated and control RNA for MCT1 and histone, respectively.
Reporter plasmid construction. Plasmids used for functional analysis of the MCT1 promoter activity were generated using pGL2 basic vector (Promega) that contains a promoterless luciferase reporter gene. Three 5Ј-deletion constructs of p-625/ϩ91, p-378/ϩ91, and p-229/ϩ91 were generated by the PCR amplification method as previously described by our laboratory (18) . Three different forward primers contained an internal site for Xho1 restriction enzyme and their sequences are primer-1, 5Ј-GACTCGAGTGGCTCTATGGTG-GCAAGTTGCAT-3Ј; primer-2, 5Ј-ATCTCGAGATGCTGCCCAT-TCCCCGCTCCTCAGT-3Ј; and primer-3, 5Ј-GACTCGAGAGATT-GCCTAGAGCTCGTCAGACA-3Ј. The sequence of the reverse primer contained site for HindIII enzyme and is 5Ј-ATCAAGCTTAGTAC-CCACGCAGCTAGCCAGTCACGTCGCA-3Ј. The amplifications were performed using proof reading Elongase enzyme mix (Invitrogen) according to the manufacturer's instructions. PCR products were then digested with Xho1 and HindIII enzymes and subcloned into luciferase reporter gene vector, pGL-2 basic (Promega). The fidelity of the constructs were then confirmed by sequencing, and plasmids were prepared for transfection using a kit from Qiagen (Valencia, CA).
Site-directed mutagenesis. Site-directed mutations corresponding to the critical potential binding sites for transcription factors AP2 (Ϫ94 to Ϫ83), SP1 (Ϫ22 to Ϫ13), and overlapping USF/SP1 (Ϫ118 to Ϫ106) were made in the background of p-871/ϩ91 using the QuickChange Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer's instructions and confirmed by sequencing. The bold letters indicate the mutations. The mutant oligonucleotides used are: AP2 mutant: 5Ј-CGCCGGCGCGAACGGGAAAGCTAGAGGG-3Ј; SP1 mutant: 5Ј-GGATGTCTGTGTAACGGAAAGGGGGCGGCGG-3Ј; USF/SP1 mutant: 5Ј-GACGCCGGTCACAAAACGGGGAGGG-GGCG-3Ј.
Transient transfection and luciferase assays. For transfection studies, Caco-2 cells (1.5 ϫ 10 5 ) were seeded into 24-well plates and transfected while still in suspension with one of the MCT1 promoterluciferase constructs using Lipofectamine 2000 reagent (Invitrogen). A total of 2 g DNA per well at a ratio of 1:2 for DNA vs. In some experiments, Caco-2 cells were transfected using an Amaxa Nucleofector System according to the manufacturer's instructions. Briefly, ϳ2 ϫ 10 6 cells were harvested and then electroplated in 100 l of solution T (supplied by Amaxa) along with 6 g of MCT1 promoter (p-871/ϩ91) or AP2 mutant, 3 g of AP2 expression vector, and 0.6 g of pCMV-␤. Cells were transferred to full media and plated on eight wells of a 24-well plate. Forty-eight hours posttransfection, cells were lysed in reporter lysis buffer (Promega), and the activities of both firefly luciferase and ␤-galactosidase were measured by luminometer according to the manufacturer's instructions using kits from Promega and Clontech, respectively. RLU values obtained were normalized to ␤-galactosidase activity.
Statistical analysis. Results are expressed as means Ϯ SE. Student's t-test was used in statistical analysis. P Ͻ 0.05 or less was considered statistically significant.
RESULTS
PMA increases MCT1 mRNA. Our previous studies demonstrated the role of PMA in the upregulation of butyrate transport and MCT1 protein expression in Caco-2 cells (1). To determine whether the effects of PMA are also observed at the transcriptional level, we examined MCT1 mRNA levels utilizing real-time PCR. Caco-2 cells were treated with 100 nM of 4␣-PMA (control) or PMA for 24 h in serum-starved medium. Real-time PCR was carried out using total RNA extracted from control and PMA-treated Caco-2 cells and MCT1-specific primers. As shown in Fig. 1 , PMA (100 nM, 24 h) significantly increased the relative abundance of MCT1 mRNA by approximately ninefold compared with control.
PMA induces MCT1 promoter activity in Caco-2 cells. Since the effects of PMA were at the mRNA level, it was therefore considered to be of interest to examine MCT1 promoter activity in response to PMA. Caco-2 cells were transiently transfected with MCT1 promoter-reporter construct, p-871/ϩ91 (962 bp fragment), in which the MCT1 promoter region was fused to the promoterless luciferase gene in pGL2-basic. Twenty-four hours posttransfection, cells were treated with 100 nM PMA for 4 h or 24 h, and luciferase assays were performed 48 h posttransfection. PMA significantly increased MCT1 promoter activity by approximately fourfold compared with control ( Fig. 2) . These results provided further evidence that PMA regulates MCT1 at the transcriptional level.
PMA induces MCT1 promoter activity via initial PKC activation. Since long-term treatment of PMA (24 h) is associated with downregulation of PKC (31), we next examined whether the effects of PMA on MCT1 promoter activity are due to initial PKC activation or downregulation of PKC. To achieve this, a time course of PMA treatment was carried out by wash-out experiments. Twenty-four hours posttransfection, Caco-2 cells were treated with PMA (100 nM) at various time points ranging from 10 min to 24 h; after which the cells were washed with 1% serum medium (1% FBS), and reporter gene assays were performed 48 h posttransfection. As shown in Fig. 3 , the observed increase in MCT1 promoter activity in response to PMA was seen as early as 1 h and persisted until the 24-h time point. However, PMA treatment for only 10 min showed no change in MCT1 promoter activity, indicating complete removal of PMA in the wash-out experiments. On the basis of our results, it appears that the increase in MCT1 promoter activity by PMA at 24 h is secondary to initial PKC activation and not attributable to downregulation of PKC.
PKC is involved in mediating the stimulatory effects of PMA on MCT1 promoter activity. To further confirm the involvement of PKC in PMA effects on MCT1 promoter activity, the specific PKC inhibitor BIM at varying concentrations (0.25, 0.5, 1, and 5 M) was used. Previous studies have shown that Fig. 1 . Effect of PMA on human monocarboxylate transporter 1 (MCT1) expression in Caco-2 cells. Postconfluent Caco-2 cells were treated with 100 nM of PMA or 4␣-PMA (control) for 24 h in media containing 1% FBS. Total RNA was then extracted from the cells, and 100 ng was amplified with MCT1 or histone gene-specific primers using one-step RT-PCR mix containing SYBR Green fluorescence dye for real-time PCR quantitation. A: relative abundance of MCT1 mRNA normalized to the level of histone mRNA was calculated as described in MATERIALS AND METHODS and represents means Ϯ SE of 6 separate experiments performed in triplicate. *P Ͻ 0.05 compared with control. B: representative traces of the amplification plots of MCT1 in the presence and absence of PMA are shown. BIM at 0.25-1.0 M concentrations is sufficient to inhibit most of the PKC isoforms except for the PKC-isoform (IC 50 ϭ 5.8 M) (38) . Transiently transfected Caco-2 cells were treated with BIM for 1 h before the addition of PMA (100 nM), followed by coincubation at 4 or 24 h. BIM at 0.25, 0.5, 1, or 2 M concentrations failed to block the stimulatory effects of PMA (4 h) on MCT1 promoter activity (Table 1) , ruling out the possibility of both conventional (diacylglycerol-and Ca 2ϩ -dependent) and novel (diacylglycerol-and Ca 2ϩ -independent) PKC isoforms. However, BIM at 5 M significantly blocked the PMA-induced effects (Fig. 4) , indicating that the PMA effects could be mediated through the activation of atypical PKC-isoform. Other specific PKC isoform inhibitors were also used, such as Go6976, Ro318820, and rottlerin, which have been shown to differentially inhibit conventional and novel PKCs, namely PKC-␣, -⑀, and -␦ isoforms. Go6976 (5 nM), Ro318820 (100 nM), and rottlerin (10 M) failed to abolish the stimulatory effects of PMA (4 h) on MCT1 promoter activity ( (44) , and C6 glioma cells (5); however, on the contrary, studies in different cell types including epithelial rat thyroid cells (39) , mouse epidermal cells (42) , human leukemia cells (49) , and rat adipocytes (50) have demonstrated that PMA could activate PKC-. Therefore, it was considered important to examine the potential stimulation of PKC-by PMA in Caco-2 cells under the conditions used in our study. Our results showed increased phosphorylation of PKC-in Caco-2 cells after 1 h of PMA treatment. However, in the presence of BIM (5 M), the increased PKC-phosphorylation was significantly reduced (Fig. 5) . These findings confirm that PMA activates PKC-in Caco-2 cells, which is blocked by BIM and therefore suggest that PKC-may be involved in mediating the stimulatory effects of PMA on MCT1 promoter activity.
PKA is not involved. Previous studies have shown that BIM at 2 M concentration may also inhibit PKA (53) . Since our results showed that BIM (5 M) attenuated the stimulatory effects of PMA on MCT1 promoter activity, the possible role of PKA cannot be ruled out. Therefore, it was important to determine whether PKA has any role in mediating the stimulatory effects of PMA on MCT1 promoter activity. However, the specific PKA inhibitor RpcAMP (25 M) showed no effect on the PMA-induced stimulation of MCT1 promoter activity [fold increase vs. control: 2.27 Ϯ 0.46 (PMA) vs. 2.34 Ϯ 0.15 (PMA ϩ RpcAMP)]. These results suggest that PKA is not involved in mediating the stimulatory effects of PMA.
Identification of the PMA-responsive region in MCT1 promoter. To determine which region of MCT1 promoter is responsible for PMA-induced stimulation of MCT1 promoter activity, a series of 5Ј-truncated MCT1-reporter constructs containing progressive deletions from the 5Ј-end of the full length MCT1 promoter (18) were analyzed in transiently transfected Caco-2 cells. Figure 6A depicts the promoter activity of Values represent means Ϯ SE of 4 separate experiments performed in triplicate and are expressed as fold increase comparing transfected cells treated with PMA with cells treated with 4␣-PMA (control). Caco-2 cells were transfected with the monocarboxylate transporter 1 (MCT1) luciferase promoter construct (p-871/ϩ91). Twenty-four hours posttransfection, Caco-2 cells were pretreated with the specific PKC inhibitor bisindolylmaleimide (BIM) for 60 min before the addition of 100 nM PMA or 4␣-PMA (control) for another 4 h. Cells were then harvested 48 h posttransfection, and the promoter activity was assessed. *P Ͻ 0.05 compared with control. Values represent means Ϯ SE of 3 separate experiments performed in triplicate and are expressed as fold increase comparing transfected cells treated with PMA with cells treated with 4␣-PMA (control). Caco-2 cells were transfected with the MCT1 luciferase promoter construct (p-871/ϩ91). Twenty-four hours posttransfection, Caco-2 cells were pretreated with the specific PKC isoform inhibitors for 60 min before the addition of 100 nM PMA or 4␣-PMA (control) for another 4 h. Cells were then harvested 48 h posttransfection, and the promoter activity was assessed. *P Ͻ 0.05 compared with control.
5Ј-deletion constructs in response to PMA. The full-length promoter construct p-871/ϩ91 exhibited approximately fivefold activation in promoter activity after PMA treatment compared with 4␣-PMA (control). Deletion constructs p-625/ϩ91 and p-378/ϩ91 showed ϳ11-fold stimulation, whereas p-229/ ϩ91 showed maximal stimulation (ϳ16-fold) in promoter activity in response to PMA. These results suggest that a PMA-responsive element(s) is located within the shortest construct, p-229/ϩ91. Previous studies from our laboratory identified p-229/ϩ91 as the core promoter region required for basal regulation of MCT1 promoter. Further sequence analysis of this core promoter region (p-229/ϩ91) indicated potential binding sites for various transcription factors, AP2, USF, and SP1 (18) . The nucleotide sequence of the minimal promoter region of MCT1 promoter from Ϫ229 to ϩ91 is shown in Fig. 6B , and the location of the potential cis-elements are indicated. Our results also indicated that the PMA-response element(s) is located within this region (p-229/ϩ91) and that these transcription factors, AP2, USF, and SP1, might be involved in mediating the effects of PMA on MCT1 promoter activity.
Potential AP2 site is essential for PMA-induced MCT1 promoter activity. To map the exact location of the PMA response element in the minimal reporter region, we generated site-directed mutants of the potential binding sites for the various transcription factors in the minimal promoter region.
When the potential binding regions that harbor overlapping binding sites for USF/SP1 (Ϫ118 to Ϫ106) and SP1 (Ϫ22 to Ϫ13) were mutated, stimulation of MCT1 promoter activity by PMA was decreased only by ϳ37 and 25%, respectively. However, when the potential AP2 binding site (Ϫ94 to Ϫ83) was mutated, stimulation of MCT1 promoter activity in response to PMA was attenuated by 65% (Fig. 7) . These results suggest the involvement of the potential AP2 site as the major contributor in mediating the stimulatory effects of PMA on MCT1 promoter activity.
AP2 overexpression induces transactivation of MCT1 promoter activity. To assess directly whether AP2 could activate MCT1 promoter expression in vivo, cotransfection experiments were performed in Caco-2 cells. Cotransfection of increasing concentrations of AP2 expression vector (phAP2-␣) (0.6, 1.3, 2.1, 3.1, and 5.0 g) with either MCT1 promoterreporter constructs, p-871/ϩ91 or p-229/ϩ91, stimulated the MCT1 promoter activity in a dose-dependent manner (approximately two-to fourfold increase) (Fig. 8 ). These observations, therefore, demonstrate that upregulation of MCT1 promoter activity in response to overexpression of AP2 may be predominantly due to the AP2 binding site at position Ϫ94 to Ϫ83, Fig. 6 . Functional analysis of various deletion constructs in response to PMA. A: Caco-2 cells were transiently transfected with different 5Ј-deletion constructs of MCT1 promoter as described in Fig. 2 . Twenty-four hours posttransfection, cells were then treated with 100 nM of PMA or 4␣-PMA (control) for another 4 h in media containing 1% FBS. Cells were then harvested 48 h posttransfection, and the promoter activity was assessed. Results represent means Ϯ SE of 4 separate experiments performed in triplicate and are expressed as fold increase comparing transfected cells treated with PMA with cells treated with 4␣-PMA (control). *P Ͻ 0.05 compared with respective control. B: nucleotide sequence of the human MCT1 promoter region from Ϫ229 to ϩ91 bp is shown, and the locations of the potential cis-elements are highlighted and labeled. AP2, activator protein 2; USF, upstream stimulatory factor. leading to transcriptional activation of MCT1 promoter in both constructs.
AP2 mutant construct attenuates AP2-induced transactivation of MCT1 promoter activity. To confirm that the potential AP2 binding site regulates the transcription of MCT1 promoter in Caco-2 cells, we carried out cotransfection studies with the full-length MCT1 promoter construct (p-871/ϩ91) and AP2 expression vector (phAP2-␣) or empty vector (not expressing AP2) along with the pCMV-␤-gal vector (internal control) in Caco-2 cells. Similar studies were also performed with the AP2 mutant MCT1 promoter construct (described in Fig. 7 ) and AP2 expression vector. The results showed that cotransfection of MCT1 promoter construct (p-871/ϩ91) with an AP2 expression vector significantly increased MCT1 promoter activity by approximately twofold. However, when the mutated MCT1 promoter construct AP2 mutant was transfected in cells with AP2 expression vector, there was no increase in promoter activity (Fig. 9) . These studies further support the fact that AP2 through interaction with the potential AP2 binding site activates MCT1 expression.
DISCUSSION
To better understand the mechanisms involved in the regulation of the human MCT1 gene expression, we examined the effects of the well-known diacylglycerol analog, PMA (phorbol ester) on MCT1 mRNA and promoter activity. Our results show that PMA caused a significant increase in endogenous MCT1 mRNA expression and promoter activity in human intestinal epithelial Caco-2 cells. In addition, we provide evidence that the effects of PMA on MCT1 gene expression are mediated through a PKC-dependent pathway and involve AP2 transcription factor.
In general, PMA is well known to show biphasic effects on PKC activity. Under short-term conditions PMA elicits its effects via the activation of PKC that influence the expression of various target genes (31) . On the other hand, under long-term conditions, PMA is known to downregulate PKC (31) . Interestingly, our wash-out experiments showed that PMA at all time points (1, 2, 4, and 24 h) significantly increased MCT1 promoter activity. However, PMA failed to show any effect at 10 min, suggesting complete removal of PMA in the wash-out experiments. These findings clearly demonstrated that the stimulatory effects of PMA on MCT1 promoter activity were mainly attributable to initial PKC activation observed at earlier time points (1 h), and this stimulation in MCT1 promoter activity persisted until 24 h. Furthermore, our inhibitor and phosphorylation studies suggested a possible role of the atypical PKC-isoform in the PMA-mediated effects. Consistent with our findings, previous studies have also shown that, in addition to the conventional (PKC-␣, -␤, and -␥) and novel (PKC-⑀ and -␦) isoforms, PMA could also activate the atypical PKCisoform (9, 33, 39, 42, 49, 50, 56) . Deletion studies demonstrated that PMA significantly stimulated the activity of the 5Ј progressive deletion constructs but with different magnitudes compared with the full-length MCT1 promoter construct, p-871/ϩ91 (approximately fivefold increase). The activity of both p-625/ϩ91 and p-378/ϩ91 constructs were induced by ϳ11-fold, whereas p-229/ϩ91 construct was stimulated by ϳ16-fold. The difference in the magnitude of fold increase observed in the full length MCT1 promoter construct (Ϫ871/ϩ91) compared with the deletion constructs (p625/ϩ91, p-378/ϩ91, and p-229/ϩ91) could be due to the presence of potential inhibitory elements between Ϫ871 to Ϫ625 bp region. These findings indicated the presence of potential PMA response elements in the shortest construct (p-229/ϩ91) of MCT1 promoter. We have previously identified p-229/ϩ91 as the core promoter region necessary for the basal regulation of MCT1 promoter (18) . Also sequence analysis of the core promoter region revealed the presence of a number of potential cis-elements for various transcription factors such as AP2, SP1, and USF.
Since previous studies have shown that the effects of PMA on gene expression could be mediated through AP2, SP1, and USF (6 -8, 24, 25, 28, 43, 51, 62) , we further investigated their roles in mediating the effects of PMA on MCT1 promoter activity. Our studies showed that mutations in the potential AP2 (Ϫ94 to Ϫ83) site attenuated the activation of MCT1 promoter in response to PMA by ϳ65%. However, mutations in the potential SP1 (Ϫ22 to Ϫ13) and overlapping USF/SP1 (Ϫ118 to Ϫ106) sites only modestly decreased the PMA stimulatory response by 25 and 37%, respectively. These findings suggested that the potential AP2 site might play a major role in the observed modulation of MCT1 gene expression by PMA. AP2 is a DNA-specific binding protein that serves as a transcription factor regulating the expression of a number of target genes involved in growth and differentiation (30, 48, 63) . It has been reported that AP2 may function as an activator (12, 28) or as a repressor (27, 61) of gene transcription. AP2 activity is regulated in a cell type-specific manner (41) and is induced by phorbol esters, retinoic acid, and cAMP (41, 58, 59) . Our results are similar to the previous findings demonstrating that AP2 also plays an important role in the activation of the mouse Na ϩ /H ϩ exchanger (NHE)1 gene expression (12) and human NHE3 promoter (36) . However, our recent studies (37) showed that PMA-induced stimulation of NHE3 promoter activity was not dependent on PKC, as also shown by several other studies (4, 13, 14, 55) .
The direct involvement of AP2 in MCT1 transcriptional regulation was further confirmed by cotransfection studies with AP2 expression vector. We demonstrated that AP2 caused a dose-dependent activation of MCT1 promoter activity in transfected Caco-2 cells. Interestingly, the stimulatory effect of AP2 on MCT1 promoter activity was not observed when AP2 expression vector was cotransfected with a construct harboring a mutated AP2 binding site. Taken together, these observations indicate the importance of the AP2 motif in the regulation of MCT1 promoter by PMA. Since AP2 is involved in a number of cellular events including growth and differentiation (30, 48, 63) , we hypothesize that AP2 may be involved in the induction of MCT1 expression during differentiation because previous studies have shown increased MCT1 protein expression in surface epithelial cells compared with crypt cells of the human colon (35) . Since our present studies showed that mutations in the overlapping USF/SP1 and SP1 sites slightly decreased the stimulatory response of PMA on MCT1 promoter activity, we cannot completely rule out the involvement of USF/SP1 and SP1 sites in partly mediating the stimulatory effects of PMA along with AP2. Also recent studies from our laboratory and others have shown that AP2 and SP1 together are essential for the basal regulation of the human NHE3 promoter in intestinal epithelial cells (36) and mouse ganglioside GM3 promoter in neuroblastoma cells (60) .
In summary, our data demonstrated that intestinal MCT1 gene expression in response to PMA is regulated at the transcriptional level and is dependent on PKC activation. We also demonstrated the role of specific transcription factor AP2 in the PMA-induced upregulation of MCT1 promoter. Our findings suggest that PKC-and AP2 may be involved in the upregulation of MCT1 gene expression in human intestinal epithelial cells and are therefore of significant importance for a better understanding of the molecular regulation of SCFA absorption in the human intestine. Fig. 9 . Mutations in potential AP2 site abrogates AP2-induced stimulation of MCT1 promoter activity. Caco-2 cells were transiently cotransfected with MCT1 luciferase promoter construct p-871/ϩ91 or AP2 mutant and AP2 expression vector along with pCMV-␤ vector (served as an internal control for transfection efficiency). Cells were then harvested 48 h posttransfection, and the promoter activity was assessed by measuring luciferase and ␤-galactosidase activities and expressed as RLU/␤-galactosidase activity as described in MATERIALS AND METHODS. Results represent means Ϯ SE of 3 separate experiments performed in triplicate and are expressed relative to the activity (% of control) of p-871/ϩ91 or AP2 mutant cotransfected with the empty vector (EV). *P Ͻ 0.05 compared with p-871/ϩ91 or AP2 mutant (cotransfected with the empty vector).
